A supersaturated solid solution of Cu-44.5 at%Ni-22.5 at%Fe alloy was produced by ball milling of a pure chemical elemental mixture for 1080 ks. An fcc supersaturated solid solution with a grain size of about 20 nm was obtained after milling. This alloy was subsequently aged at 803, 898 and 1003 K for different times. The growth kinetics of the modulation wavelength was determined from the X-ray diffraction results and followed the Lifshitz-Slyozov-Wagner theory for a diffusion-controlled coarsening in the MA alloy after aging. The growth kinetics of composition modulation wavelength for the MA alloy was faster at 803 and 898 K than that for the same alloy composition obtained by a conventional processing and then aged at the same temperatures. The activation energy for the decomposed phase coarsening process in the MA alloy was lower than that corresponding to the conventionally-processed alloy.
Introduction
Cu-Ni-Fe alloys have studied extensively [1] [2] [3] because they are a typical example of spinodally decomposed alloys. As is well known, the mechanical alloying (MA) process has been widely used to produce supersaturated solid solutions even in almost immiscible alloy systems. 4, 5) Yanagitani, Murakami and Tanaka 6) carried out the mechanical alloying of Cu-NiFe powders using a low-energy ball mill and they reported the formation of a supersaturated solid solution for a Cu-20 mass%Ni-8 mass%Fe powder composition, after ball milling. Besides, they also reported the occurrence of spinodal decomposition for this alloy after aging at about 773 K. The nanometric grain size is one of the most interesting characteristics in this type of alloys. An increase in the interfacial free energy is expected to occur in the MA alloys because of its grain size. Furthermore, the atomic diffusion is also expected to enhance as a result of the increase in the density of crystalline defects. 7) The spinodal decomposition in the Cu-Ni-Fe alloy system occurs by the decomposition of an unstable single phase, after aging. The growth kinetics of the decomposed phases depends on both the thermodynamic and diffusion factors. 8) So far, there is not report on the growth kinetics of the decomposed phases in the aged MA Cu-Ni-Fe alloys. Thus, the aim of this work is to study the growth kinetic and morphology of the decomposed phases in a MA Cu-44.5 at%Ni-22.5 at%Fe alloy, after isothermal aging.
Experimental Procedure
The MA Cu-44.5 at%Ni-22.5 at%Fe alloy powders were prepared by low-energy ball milling of a pure powder mixture for 1080 ks. The chemical purity of Cu, Ni and Fe powders was 99.999, 99.99 and 99.9 mass%, respectively. The ball milling was conducted at 110 rpm using austenitic stainless steel vial and balls under an argon gas atmosphere with a ball-to-powder ratio of 36:1. The chemical analysis of MA powders was carried out with an atomic absorption equipment. The MA Cu-Ni-Fe alloy powders were analyzed by X-ray diffraction (XRD) with a Shimadzu XD-3A diffractometer using copper K radiation. XRD patterns were smoothed using a commercial software for drawing. In order to determine the sidebands position, the 200 peak diffraction was analyzed using a step-scan mode with a step of 0.02 degrees per step. The MA powders were encapsulated in quartz tubes with an argon gas atmosphere and subsequently aged at 803, 898 and 1003 K for different times. The aged MA powders were also analyzed by X-ray diffraction. The MA powders were mounted on carbon-coated grits and then observed with a JEOL 2000 FX-II transmission electron microscope (TEM) at 200 kV.
Results and Discussion
The chemical analysis of the MA powders showed the following composition 31.32 at% Cu, 45.72 at%Ni and 22.96 at% Fe. This analysis is in good agreement with the nominal composition and it suggests a minimum contamination from the mill and balls. Figure 1(a) shows the smoothed X-ray diffraction (XRD) pattern of the Cu-45.5 at%Ni-22.5 at%Fe powder mixture before ball milling. The main diffraction peaks correspond to pure copper and nickel. Most of the iron diffraction peaks are overlapped with those corresponding to copper and nickel. The XRD pattern of the MA Cu-45.5 at%Ni-22.5 at%Fe alloy powders is shown in Fig. 1(b) . An fcc single supersaturated solid solution was formed after ball milling of 1080 ks. A mixture of two phases, Ni-rich and Cu-rich, are predicted to appear for this alloy composition in the equilibrium Cu-Ni-Fe diagram. 7) This result is not surprisingly because the MA process has shown to form supersaturated solid solutions even in almost immiscible alloy systems. 4) Additionally, the width of diffraction peaks, located at high 2 angles, was wider than those corresponding to the pure elements, Fig. 1(a) . This behavior suggests that the MA powders have a grain size of a nanometer order. A dark field (DF)-TEM micrograph and its corresponding electron diffraction pattern for the MA Cu-45.5 at%Ni-22.5 at%Fe alloy powders are shown in Fig. 2 . The mean grain size was determined to be about 20 nm using the intercept method on enlarged TEM micrographs.
9) The electron diffraction pattern shows the wide and concentric rings corresponding to a polycrystalline material. The indexing of this pattern also corresponded to an fcc crystalline structure, which confirmed the formation of a supersaturated solid solution.
The XRD pattern of the MA alloy powders, after isothermal aging at 1003 K for 1.8 ks is shown in Fig. 1(c) . The XRD peaks located at high angle 2 showed clearly the peaks corresponding to the Cu-rich and Ni-rich phases. That is, the phase decomposition of the supersaturated solid solution into a mixture of the Cu-rich and Ni-rich phases occurred as a result of aging. Figure 3 shows the evolution of sidebands, indicated by arrows, adjacent to the XRD 200 peak with time, after aging at 803 K. These sidebands have been observed in the spinodally-decomposed alloys. 8) This fact seems to suggest that the phase decomposition took place via the spinodal decomposition mechanism. Baricco et al. 10) also reported the formation of an fcc supersaturated solid solution and spinodal decomposition, after aging at temperatures between 673 and 873 K, in a rapidly-solidified Cu-20 at%Ni-20 at%Fe alloy. To determine the wavelength of modulation composition in the decomposed MA alloy, the sidebands were analyzed using the Daniel-Lipson formula:
Where h, k and l are the Miller indices of the diffraction peak, B the Bragg angle, Á the angular separation between the Bragg peak and the sideband, and a o the lattice parameter.
Since the sidebands were somewhat asymmetrical in position about the matrix peak, all wavelengths, determined with this procedure, represented an average value. The variation of wavelength with aging time for the MA alloy aged at 803, 898 and 1003 K is shown in Fig. 4 . For comparison, this figure also includes the corresponding results for the same composition alloy fabricated by a conventional process of melting and casting, 3) named as the conventional alloy for the rest of this work. A lattice parameter a o of about 0.3598 nm was used to determine the wavelength values. The time exponent n was determined to be about 0.36, 0.27 and 0.29 in the MA powders aged at 803, 898 and 1003 K, respectively. That is, the growth kinetics of wavelength followed a time exponent of about 1/3 in both the MA and conventional alloys. This implies that the phase decomposition is already in the coarsening stage. This type of time exponent is related to a diffusion-controlled coarsening mechanism, according to the Lifshitz-Slyozov-Wagner (LSW) theory for a diffusion-controlled coarsening process.
10) The growth kinetics of wavelength for the MA alloy was very close to that of the conventional alloy for agings at 1003 K. Nevertheless, the growth kinetics of the MA alloy was slightly faster than that of the conventional alloy for agings at 898 and 803 K. This result indicated that the atomic diffusion rate was favored in the MA alloy. The high diffusivity paths, due to the high density of lattice defects such as, vacancies, dislocation and grain boundaries, might have helped to the volume diffusion at these temperatures. For instance, It has pointed out 11) that grain boundaries may serve as sources of non equilibrium vacancies after the severe plastic deformation of nanocrystalline alloys. This might contribute to increase the volume diffusion process. On the other hand, the recovery process reduces the density of lattice defects at higher temperatures and their contribution to the overall atomic diffusion process. To determine the activation energy for controlled-diffusion coarsening, the growth kinetics of wavelength was fitted to the LSW theory for diffusion-controlled coarsening:
Where and o are the mean wavelengths at time t ¼ 0 and time t, respectively, and k the rate constant. The rate constant k can be determined from the slope of the straight lines corresponding to the plot of 3 vs. time t. Table 1 shows the linear-regression equations and their respective adjusted contribution ratio, R 2 , obtained for each temperature. Likewise, the temperature dependence of the rate constant k follows an Arrhenius relationship:
Thus, the activation energy for the growth kinetics of composition modulation can be determined from the slope of the straight lines corresponding to the plot of ln k vs. 1=T, Phase Decomposition in a Mechanically Alloyed Cu-44.5 at%Ni-22.5 at%Fe Alloy during Isothermal Agingas shown in Fig. 5 for both the MA and conventional alloys. The activation energies Q were determined to be about 165 AE 10 and 195 AE 10 kJ mol À1 in the MA and conventional alloys, respectively. The value of 195 kJ mol À1 for the conventional alloy is in agreement with the activation energy for diffusioncontrolled coarsening of 230 kJ mol À1 determined by other authors in an aged Cu-48 at%Ni-8 at%Fe alloy. 13) Thus, the lower energy value for the MA alloy may be attributed to the enhancement of volume atomic diffusion due to the increase in non equilibrium vacancies.
The bright field (BF)-TEM micrograph and its corresponding electron diffraction pattern of the MA alloy powders, after aging at 898 K for 10.8 ks is shown in Fig. 6 . The morphology of the decomposed phase is a cuboid shape with a separation spacing of about 30 nm between two cuboids. This spacing between the decomposed phases agrees well with the modulation wavelength determined from the XRD results for the same aging condition. Besides, this micrograph also indicates that the grain size of these samples is in the nanometric order without any excessive grain growth. The electron diffraction pattern has the diffraction rings corresponding to both the decomposed Cu-rich and Ni-rich phases. The cuboid morphology of the decomposed phases has been also observed in the aged Cu-Ni-Fe alloys.
2)
Ramanarayan and Abinandanan 14) carried out the numerical simulation of spinodal decomposition in a fine grained binary alloy, based on the Cahn-Hilliard and Cahn-Allen equations. They found that the spinodal decomposition kinetics for a fine grained material was faster than that corresponding to a large grained material. This fact is in good agreement with the faster decomposition kinetics observed in the aged MA Cu-Ni-Fe alloy. Furthermore, they also reported that the spinodal decomposition process was initiated with the formation of an A-rich layer at the grain boundaries. The interior of grains was filled with a B-rich phase. Besides, Bansal and Sarkar 15) studied the phase decomposition in nanocrystalline Fe-Mo alloys and they found that the phase decomposition proceeded by a rapid movement and clustering of the Mo atoms to the grain boundaries and subsequent formation of the Mo-rich phase. This fact also shows a good agreement with the TEM observations of the aged MA CuNi-Fe alloys, Fig. 6 . That is, the cuboids of the Ni-rich phase seem to be surrounded by the Cu-rich phase.
Conclusions
The mechanical alloying process permitted to obtain an fcc supersaturated solid solution with a grain size of about 20 nm in the MA Cu-44.5 at%Ni-22.5 at%Fe alloy. The aging of MA powders at 803, 898 and 1003 K caused the decomposition of the supersaturated solid solution into the Cu-rich and Ni-rich phases via the spinodal decomposition mechanism. The growth kinetics of composition modulation wavelength followed the LSW theory for diffusion-controlled coarsening. The phase decomposition kinetics for the aged MA alloy was faster than that corresponding to the conventionally-processed alloy. 
